Microbial communities in the nepheloid layers and hypoxic zones of the Canary Current upwelling system by Thiele, Stefan et al.
Haverford College 
Haverford Scholarship 
Faculty Publications Biology 
2019 
Microbial communities in the nepheloid layers and hypoxic zones 




Haverford College, jbecker1@haverford.edu 
Andre Lipski 
Follow this and additional works at: https://scholarship.haverford.edu/biology_facpubs 
Repository Citation 
Thiele, S.; Basse, A.; Becker, J.W.; Lipski, A. (2019). "Microbial communities in the nepheloid layers and 
hypoxic zones of the Canary Current upwelling system," MicrobiologyOpen, 8(5). 
This Journal Article is brought to you for free and open access by the Biology at Haverford Scholarship. It has been 
accepted for inclusion in Faculty Publications by an authorized administrator of Haverford Scholarship. For more 
information, please contact nmedeiro@haverford.edu. 




Received:	22	April	2018  |  Revised:	4	July	2018  |  Accepted:	6	July	2018
DOI: 10.1002/mbo3.705
O R I G I N A L  A R T I C L E
Microbial communities in the nepheloid layers and hypoxic 
zones of the Canary Current upwelling system
Stefan Thiele1,6  | Andreas Basse2,5 | Jamie W. Becker3  | Andre Lipski4  |  
Morten H. Iversen2,5  | Gesine Mollenhauer2,5
This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	































Mauritania	 and	Morocco	 is	 the	 second	most	 productive	of	 the	 four	EBUS,	where	
nutrient-	rich	waters	 fuel	perennial	phytoplankton	blooms,	evident	by	high	chloro-
phyll	a	concentrations	off	Cape	Blanc,	Mauritania.	High	primary	production	leads	to	
eutrophic	waters	 in	 the	 surface	 layers,	whereas	 sinking	phytoplankton	debris	 and	
horizontally	dispersed	particles	 form	nepheloid	 layers	 (NLs)	and	hypoxic	waters	at	
depth.	We	used	Catalyzed	Reporter	Deposition	Fluorescence	In	Situ	Hybridization	
(CARD-	FISH)	in	combination	with	fatty	acid	(measured	as	methyl	ester;	FAME)	pro-
files	 to	 investigate	 the	 bacterial	 and	 archaeal	 community	 composition	 along	 tran-
sects	 from	neritic	 to	pelagic	waters	within	 the	 “giant	Cape	Blanc	 filament”	 in	 two	
consecutive	years	(2010	and	2011),	and	to	evaluate	the	usage	of	FAME	data	for	mi-
crobial	community	studies.	We	also	report	the	first	fatty	acid	profile	of	Pelagibacterales 





trast,	 the	 depth	 profiles	 of	 Gammaproteobacteria	 (including	 Alteromonas and 
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SAR11	clade
2 of 13  |     THIELE ET aL.
1  | INTRODUC TION
Eastern	 boundary	 upwelling	 systems	 (EBUS)	 can	 be	 found	 off	
the	 coast	 of	 Peru,	 the	 USA,	 Namibia,	 and	 Morocco/Mauretania.	
EBUS	are	among	the	most	productive	marine	environments	 in	 the	
world,	 accounting	 for	 ~10%	 of	 global	 ocean	 primary	 production	
(Behrenfeld	 &	 Falkowski,	 1997).	 Due	 to	 the	 persistent	 upwelling	
of	 nutrient-	rich	waters,	 these	 upwelling	 systems	 harbor	 perennial	




Current	 upwelling	 system	 (CC)	 off	 the	 coast	 of	 Morocco	 and	
Mauretania	is	the	second	most	productive	of	the	EBUS	(Carr,	2001;	
Lachkar	&	Gruber,	2011).	 In	 the	southern	part	of	 the	CC	off	Cape	
Blanc	 (Mauretania)	coastal	upwelling	of	cold	water	sustains	a	year	
round	phytoplankton	bloom	with	highest	productivity	from	January	
through	 June	 (Arístegui	 et	al.,	 2009;	 Lathuilière,	 Echevin,	 &	 Lévy,	




The	high	primary	production	 results	 in	 large	vertical	export	of	or-
ganic	matter	via	 settling	of	marine	snow	and	 fecal	pellets	 thereby	
forming	the	“biological	carbon	pump”.
Horizontal	 Ekmann	 transport	 from	 the	 coast	 offshore	 com-
bined	with	low	particle	sinking	rates	of	~5	m	d−1	causes	the	forma-
tion	of	an	 intermediate	nepheloid	 layer	 (INL)	between	~200	m	and	
~650	m	 depth	 (Karakaş	 et	al.,	 2006).	 Additionally,	 a	 bottom	 layer	
(BL)	50–100	m	above	the	seafloor	 is	 formed	by	resuspension	from	





In	 these	 waters	 bacteria	 are	 typically	 the	 main	 degraders	 of	





declines	 within	 OMZs	 (Beman	 &	 Carolan,	 2013;	 Bryant,	 Stewart,	





found	 in	 abundance	 throughout	 the	water	 column	and	 also	 in	hy-










Jackson,	 &	 Gorsky,	 2004).	 Previous	 studies	 have	 observed	 in-
creased	 contribution	 from	 Bacteroidetes,	 Gammaproteobacteria,	








Ramaiah,	&	Amann,	2012).	However,	most	 studies	have	 so	 far	 fo-
cused	on	bacterial	and	archaeal	diversity	in	surface	waters,	whereas	




Here	we	 report	 an	 investigation	 of	 the	 bacterial	 and	 archaeal	
community	 composition	 of	 depth	 profiles	within	 two	 transects	 of	
the	“giant	Cape	Blanc	filament”	conducted	in	two	consecutive	years.	
We	used	CARD-	FISH	to	analyze	samples	derived	 from	depth	pro-
files	 taken	 at	 six	 stations,	 and	 compared	 the	 results	 to	profiles	 of	
fatty	acid	concentrations	from	the	water	column	aimed	to	elucidate	
the	bacterial	community	structure	in	the	Canary	Current	upwelling	
system.	 In	 addition,	 we	 combined	 CARD-	FISH-	based	 community	
composition	analyses	with	FAME-	based	taxonomy	to	combine	ben-
efits	from	both	methods	for	the	characterization	of	marine	microbial	
communities.	 Even	 though	 the	SAR11	 clade	 is	 the	most	 abundant	
bacterial	 group	 in	 marine	 systems,	 the	 fatty	 acid	 composition	 of	




Alphaproteobacteria in marine environments.
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during	 POS	 396,	 and	 GeoB15709	 (station	 CB;	 open	 ocean;	 bottom	
depth	 4,156	m),	 GeoB15703	 (station	 CBi;	 bottom	 depth	 2,768	m),	
and	 GeoB15704	 (continental	 margin;	 bottom	 depth	 778	m)	 during	
MSM	18-	1	(Figure	1).	Depth	profiles	of	suspended	particulate	matter	
(SPM)	and	fatty	acids	were	collected	by	in	situ	filtration	using	battery-	
powered	 pumps	 (WTS	 6-	1-	142LV;	 McLane	 Research	 Laboratories,	





















and	 consequently	 the	measured	 values	 have	 to	 be	 interpreted	 as	
relative	values.
2.3 | Lipid extraction and analyses
Filters	were	 stored	 at	 −20°C	 and	 dried	 immediately	 prior	 to	 ex-
traction.	Four	pieces	were	cut	out	of	 the	dried	GF/F	 filters	with	
a	broach	 (∅	=	12	mm)	 for	determining	particulate	organic	matter	




was	 extracted	 every	 11	 samples	 using	 the	 same	methods.	 Total	
lipid	extracts	(TLE)	were	saponified	with	300	μl	of	0.1	M	KOH	in	
MeOH	with	 10%	H2O	at	 80°C	 for	 2	hr.	 After	 that,	 ~80%	of	 the	
solvent	was	evaporated	using	dried	N2,	and	the	neutral	lipids	were	
repeatedly	 extracted	 into	 hexane	 five	 times.	 The	 acid	 fraction	
containing	the	fatty	acids	was	recovered	five	times	in	DCM	after	
acidifying	the	solution	to	pH	=	1	with	hydrochloric	acid.	The	fatty	
acids	 were	methylated	 by	 adding	 3.5	ml	MeOH	 and	 174	μl	 37%	
HCl,	replacing	the	air	in	the	vial	with	N2 and reacting in the closed 
F IGURE  1 Map	of	the	sampling	area	with	the	stations	CB,	CBi,	and	Continental	Margin
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vial	at	50°C	over	night.	After	cooling	down	solvents	were	evapo-
rated	 down	 to	 a	 small	 rest	 volume	 of	 a	 few	 μl and re- dissolved 
with ca. 200 μl	 DCM/Methanol	 (1:1).	 Serapure-	H2O and hexane 
were	added	and	fatty	acid	methyl	esters	(FAMEs)	were	extracted	








cyclopropyl	 FAs	 and	 unsaturated	 FAs	 with	 the	 same	 mass,	 se-
lected	samples	were	analyzed	again	after	removing	all	unsaturated	
FAs	on	an	AgNO3	column.	After	identification,	FA-	concentrations	
were	 analyzed	 by	 capillary	 gas	 chromatography	 on	 a	 HP	 5890	
(POS396)	 and	 an	 Agilent	 7890	 (MSM18-	1)	 chromatograph	 each	
with	a	60	m	fused	silica	column	(0.25	mm/0.25	μm),	and	flame	ion-
ization	detection.
2.4 | FAME analysis of Pelagibacterales 
strain HTCC7211
Pelagibacterales strain	 HTCC7211	 (obtained	 from	 Stephen	
Giovannoni	 at	 Oregon	 State	 University)	 was	 grown	 in	 replicate	
1	L	 batch	 cultures	 in	 AMS1	medium	 (Carini,	 Steindler,	 Beszteri,	 &	
Giovannoni,	2013)	supplemented	with	50	μM	pyruvate,	50	μM gly-
cine,	 and	 10	μM	 methionine	 under	 constant	 illumination	 (2	μmol 




SYBR	 Green	 I	 nucleic	 acid	 stain	 (Lonza;	 1%	 final	 concentration).	
Culture	purity	was	monitored	by	flow	cytometry	and	further	tested	
using	 a	 suite	 of	 three	 broths:	 ProAC,	 ProMM,	 and	MPTB	 (Berube	
et	al.,	2015;	Morris,	Kirkegaard,	Szul,	Johnson,	&	Zinser,	2008;	Saito,	



























relative	 abundance	 of	 the	 different	 probes	was	 calculated	 based	 on	













300–600	m	 (Basse	et	al.,	 2014).	Temperature	profiles	were	 similar	
between	all	stations,	with	~22°C	in	the	surface	water,	8°C	at	1,000	m	
depth,	and	5°C	in	the	deep	ocean.	Salinity	decreased	from	~36	at	the	
surface	 to	<35	below	500	m	 for	all	 stations	due	 to	a	change	 from	
South	Atlantic	Central	Water	 to	North	Atlantic	Central	Water	and	
North	Atlantic	Deep	Water	at	depth	(Iversen	et	al.,	2010).
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~5%,	with	 the	exception	of	a	peak	of	12.0	±	0.9%	at	400	m	depth	
(Figure	3a).	 In	 2011	 elevated	 relative	 abundances	 of	 13.3	±	4.6%	
and	19.5	±	1.5%	were	 found	 at	 880	m	and	1,000	m,	 at	 station	CB	
(Figure	3b).	 A	 higher	 relative	 abundance	 of	 the	 SAR11	 clade	 was	
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F IGURE  3 Depth	profiles	of	the	relative	abundance	of	different	bacterial	and	archaeal	groups	based	on	CARD-	FISH	counts	of	the	years	
2010	(a)	and	2011	(b).	The	hashes	mark	missing	values,	the	color	of	the	hash	shows	the	missing	bacterial	group





























































(b) CB                                                 CBi                                 Continental Margin



































































CB                                                 CBi                                    Continental Margin
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CBi	from	2010,	where	the	overall	highest	values	where	found	at	the	
surface	with	35.8	±	7.4%	and	45.1	±	8.7%	at	20	m	and	45	m,	respec-






Roseobacter,	 the	 second	 group	 of	 Alphaproteobacteria investi-
gated	in	the	CC	was	found	at	a	slightly	higher	relative	abundance	in	













and	17:0	cyclo9-	10	 (Table	1).	 In	 contrast,	 the	 fatty	acid	profiles	of	
most other Alphaproteobacteria	are	dominated	by	longer	chain	fatty	








Caulobacterales	(Alphaproteobacteria).	The	genera	Roseobacter,	Pelagibaca and Oceanicaulis	are	members	of	Rhodobacterales and represent 











strain HTCC7211Min Max % of na Min Max % of n Min Max % of n Min Max % of n
10:0	3OH — — — 1.8 4.2 100 — — — 0.0 13.3 67 —
12:1 cis5 — — — — — — — — — — — — 4.1
12:0 0.0 4.9 72 — — — — — — 0- 0 16.5 67 0.6
12:1	3OH 0.8 5.0 100 — — — — — — — — — 1.6
12:0	3OH 0.0 0.7 67 — — — 1.0 3.0 100 0.0 3.4 67 —
14:0 0.0 5.3 94 — — — — — — 0.0 5.9 67 —
15:0 0.0 14.9 89 — — — — — — — — — 0.8
15:0	iso	3OH — — — — — — — — — — — — 0.5
16:1	cis9 0.4 20.3 100 0.0 1.0 50 0.0 0.9 67 — — — 45.8
16:0 11.7 29.9 100 1.1 2.2 100 0.8 4.9 100 4.9 16.5 100 17.7
16:0	iso	
10methyl
— — — — — — — — — — — — 0.5
17:0 
cyclo9–10
— — — — — — — — — — — — 11.9
17:1 cis9 0.0 5.3 67 — — — 0.0 2.0 67 — — — —
17:1 cis11 0.0 8.9 61 — — — 0.0 6.1 67 — — — —
17:0 0.0 14.4 61 — — — 6.9 25.1 100 — — — —
18:0 — — — 0.0 2.8 50 11.1 29.3 100 — — — 1.3
18:1 cis11 19.3 57.6 100 84.6 93.0 100 27.8 41.4 100 32.4 79.7 100 —
18:1 cis11 
11methyl
0.8 26.9 100 — — — 7.2 25.8 100 0.0 3.2 67 0.8
19:1 cis12 — — — — — — — — — — — — 0.7
19:0 
cyclo11–12
— — — — — — — — — 0.0 10.2 67 —
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to	 6.0	±	4.3%	 at	 880	m	 (Figure	3b).	 Significantly	 higher	 numbers	
were	found	in	the	BL	at	4,100	m	with	8.7	±	1.6%	(ANOVA;	p	<	0.01;	




The	 dominating	 fatty	 acids	 of	 unicellular	 cyanobacteria	 includ-
ing Synechococcus	 are	 16:0	 and	 16:1,	 even	 though	 Synechococcus 
clades	6–8	also	contain	high	amounts	of	the	polyunsaturated	fatty	
acids	16:2	and	18:2	(Caudales,	Wells,	&	Butterfield,	2000;	Kenyon,	








2011,	 highest	 in	 the	 surface	 waters	 and	 decreased	 immediately	
with	 depth	 (Figure	3b).	 At	 the	 continental	 margin,	 the	 relative	
abundance	of	Gammaproteobacteria	was	~6%	and	decreased	to	~2%	
below	45	m	 in	both	years	 (Figure	3a	and	b).	On	 the	contrary,	 the	
abundances	of	the	subgroups	Alteromonas and Pseudoalteromonas 
increased	from	<1%	at	the	surface	toward	~2%	and	~2%	with	depth	
(Figure	3d).	 A	 similar	 decrease	 in	 the	 Gammaproteobacteria was 
found	at	station	CBi,	particularly	during	2011,	where	surface	waters	
showed	 the	 highest	 relative	 abundance	 of	Gammaproteobacteria,	







CB                                                  CBi                                     Continental Margin
2011
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(Figure	3b).	 In	 this	year,	 two	smaller	 increases	were	 found	within	
the	 INL	 (~7%	 between	 and	 600	m)	 and	 the	 BL	 (11.4%	 	between	
2,150	m	 and	 2,600	m)	 (Figure	3b).	 Similarly,	 Alteromonas and 
Pseudoalteromonas	 showed	 significantly	 higher	 abundance	 at	
2,600	m	 depth	 with	 14.0	±	5.1%	 and	 7.9	±	3.8%	 (Figure	3b;	
p	=	0.00162	and	p	=	0.0177).	At	station	CB,	Gammaproteobacteria 
showed	a	 small	 peak	of	6.4	±	2.4%	at	2,500	m,	whereas	 in	2011,	
a	 relative	 abundance	 increased	 to	 8.9	±	4.6%	 at	 1,000	m	 with	 a	 
significant	 peak	 18.2	±	7.9%	 (ANOVA;	 p	<	0.05)	 at	 3,300	m	
(Figure	3a	 and	 b).	 Similarly,	 peaks	 of	 Alteromonas and 
Pseudoalteromonas	with	7.8	±	3.2%	and	7.4	±	2.6%	where	found	at	
880	m	and	6.1	±	0.6%	and	6.2	±	0.7%	at	3,300	m	(Figure	3b).	The	
fatty	 acid	 data	 showed	 the	 decrease	 in	 the	 short	 straight	 chain	








and	at	depth	 (Figure	3a	and	b;	ANOVA;	2010:	p = 0.0387; 2011: 
p	=	0.00372).	At	station	CBi,	a	similar	decrease	from	15.3	±	4.0%	
at	20	m	and	17.6	±	3.2%	at	45	m	toward	an	average	of	4.2	±	1.8%	









The	 fatty	 acid	 profiles	 of	Bacteroidetes are dominated by iso/
ante-	iso	fatty	acids,	such	as	15:0	 iso,	15:0	ante-	iso,	16:0	 iso,	17:0	
iso,	 17:0	 ante-	iso	 fatty	 acid	 (Alain,	 Tindall,	 Catala,	 Intertaglia,	
&	 Lebaron,	 2010;	 Kwon	 et	al.,	 2018;	 Thongphrom,	 Kim,	 &	 Kim,	
2016).	This	is	in	contrast	to	the	straight	chain	fatty	acids	found	in	















analyses.	 Here,	 the	 perennial	 phytoplankton	 bloom	 in	 the	 Cape	
Blanc	filament	of	the	CC	shows	highest	intensities	from	January	to	
June	 (Arístegui	 et	al.,	 2009;	 Lathuilière	 et	al.,	 2008).	 Turbidity	 and	
oxygen	measurements	showed	that	both,	the	NLs	(INL,	BL,	and	BL	
clouds)	and	the	hypoxic	waters	were	at	the	expected	depths	in	both	
years	 (Fischer	 &	 Karakaş,	 2009;	 Karakaş	 et	al.,	 2006;	 Karstensen,	






consequently	 better	 CARD-	FISH	 labeling.	 Low	 numbers	 indicate	
that	the	DAPI	signals	may	not	be	exclusively	of	bacterial	or	archaeal	











since	 the	 filters	 for	 the	 lipid	extractions	had	0.7	μm	pores.	Hence,	
small	cells	could	have	been	partially	lost	(Ingalls,	Huguet,	&	Truxal,	
2012).	However,	 high	 particle	 loads	 in	 the	 system	 results	 in	 clog-
ging	of	the	filter	during	the	filtration	process,	which	will	reduce	the	
pore	size	and	allow	a	mostly	representative	recovery	of	the	micro-








tems are Alphaproteobacteria,	 mainly	 due	 to	 the	 high	 and	 ubiqui-
tous	 abundance	 of	 the	 SAR11	 clade	which	 account	 for	 20%–50%	




was	more	often	 found	at	elevated	abundances	 in	 the	hypoxic	wa-
ters,	 especially	 at	 the	most	oceanic	 site	 station	CB,	where	SAR11	
abundance	 and	 oxygen	 concentrations	 correlated	 negatively	
(R²	=	−0.0424	 (2010)	 and	 R²	=	−0.0806	 (2011)).	 Here,	 the	 highest	





et	al.,	 2016).	 Due	 to	 the	 high	 diversity	 within	 the	 SAR11	 clade,	
varying	subclades	can	be	found	at	different	depth	or	oceangraphic	
regions.	 In	 comparison	 to	 the	 surface	dwelling	and	very	abundant	
subclade	Ia	(Brown	et	al.,	2012),	the	subclade	IIa.A	increases	in	abun-




While	 the	 SAR11	 clade	 was	 found	 co-	occurring	 with	 hypoxic	
waters	of	the	CC,	Roseobacter,	Gammaproteobacteria,	Bacteroidetes,	
and Synechococcus,	were	 found	at	 the	eutrophic	surface	with	high	
Chl	a	values.	Roseobacter	are	often	found	in	correlation	with	phyto-
plankton	blooms	(Buchan,	Gonzalez,	&	Moran,	2005;	Rooney-	Varga	
et	al.,	 2005),	 degrading	 the	 dissolved	organic	matter	 and	metabo-
lizing	 dimethylsulfoniopropionate	 (DMSP)	 released	 by	 many	 algae	
(Keller,	Bellows,	&	Guillard,	1989),	thus	having	an	important	role	in	
the	marine	sulfur	cycle.	Similarly,	Gammaproteobacteria	groups,	like	
Alteromonas,	Vibrio,	 or	Pseudoalteromonas	 prefer	 eutrophic	waters	
(Sison-	Mangus,	Jiang,	Kudela,	&	Mehic,	2016;	Teeling	et	al.,	2016),	
which	 might	 explain	 the	 higher	 abundance	 in	 the	 surface	 and	 at	
the	continental	margin.	Another	major	marine	phylum	often	found	
to	 positively	 correlate	 with	 phytoplankton	 abundance	 and	 ma-
rine snow particles is Bacteroidetes	 (DeLong,	 Franks,	 &	 Alldredge,	
1993;	Glöckner,	Fuchs,	&	Amann,	1999;	Teeling	et	al.,	2012;	Thiele	
et	al.,	2015).	Members	of	this	highly	diverse	phylum	have	also	been	
linked	 to	 the	 degradation	 of	 high	molecular	weight	DOC	 (Cottrell	
&	Kirchman,	2000;	Gomez-	Pereira	et	al.,	2010).	Although	for	some	
















et	al.,	 2015).	 This	 attachment	 to	 particles	 would	 explain	 the	 high	
abundance	in	the	BL	clouds	and	the	BL,	where	Synechococcus might 
also	be	transported	horizontally	from	the	continental	shelf.
In	 addition,	 peaks	 of	 Roseobacter,	 Gammaproteobacteria,	 and	
Bacteroidetes	were	 found	at	depths,	where	particles	of	 the	 INL,	BL	
clouds,	or	BL	were	abundant.	Members	of	all	these	clades	are	known	
to	attach	to	particles	(Bižić-	Ionescu	et	al.,	2014;	DeLong	et	al.,	1993).	




at	 the	depth	of	 the	NLs,	 since	particles	 from	 the	 continental	 shelf	
could	 function	 as	 vectors	 for	 horizontal	 dispersal	 within	 the	 INL,	
the	BL,	and	the	BL	clouds	(Fischer	et	al.,	2009;	Karakaş	et	al.,	2006),	
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